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Abstract 
 
 
 
The aeration of grain silos provides a convenient means of controlling temperature and 
moisture distribution in a silo. The moisture migration process is initiated by the presence 
of temperature gradients which causes natural convective air movement within the grain.  
By being able to predict the moisture and temperature behaviour during the grain aeration 
process, the grower will be able to produce a more efficient aeration process that 
minimises grain spoilage.  
 
The purpose of this project is to investigate the aeration characteristics of a grain silo 
using a Computational Fluid Dynamics package and develop an understanding of the 
complexities involved with the modelling of grain ecosystems with regard to air 
movement, moisture migration and temperature distribution within the grain. 
More specifically, this project seeks to investigate numerically the effect of different 
parameters of silos (size, shape, material, type or design and aeration rate) on the 
temperature distribution in the stored grain, under a variety of seasonal conditions. 
 
The computational fluid dynamics software (Fluent 6.0) was used to investigate these 
parameters and provided results in the form of contour plots (temperature and pressure) 
and velocity vector plots.  The CFD package provides a strong basis for the analysis of 
packed beds. However, further attention needs to be paid to the reactions within the 
intergranular environment to allow the program to produce results of a higher degree of 
accuracy. 
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Chapter 1 
 
 
Introduction 
 
 
“Grain aeration is the practice of mechanically ventilating large grain 
masses in storage with relatively small volumes of air to uniformly cool 
grain to remove heat at harvest time and prevent the seasonal migration of 
moisture that would otherwise occur even in grain that is stored at a safe 
storage moisture content.” (Isaacs &Noyes, 1999) 
Development of such techniques dates back to the early 1940’s when the moisture 
migration phenomena was initially reported. It was later discovered that moisture 
migration occurred due to diurnal and seasonal changes which created temperature 
gradients in the grain bulk.  These temperature gradients then set up convection currents 
within the grain mass, moving moisture from warmer parts of the bulk to the cooler 
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regions. With the increased dependence on grain silos to store and handle grain, there has 
been a greater reliance placed on the use of aeration to control grain spoilage. 
With the advent of Computational Fluid Dynamics, computer software can now be 
utilised to help predict where grain spoilage will occur.  These computer packages are 
able to reveal important information regarding the effect that different parameters of a 
silo such as size, shape, construction material, aeration characteristics and environmental 
effects, may have on the storability of grain. Consequently, this procedure reduces the 
need to conduct costly and time consuming experiments. 
 
1.1 Overview  
 
Initial stages of this project required a solid foundation to be laid regarding the 
background on the grain industry and the grain handling and storing processes.  This 
relevant information will be presented along with a complete literature review into 
similar work done in this area.  The knowledge gathered in the literature review enabled 
appropriate computer models to be developed in the computational fluid dynamics 
software (fluent).  An outline of the project methodology will follow this, explaining 
important concepts of the heat, mass and fluid flow that occurs in grain bulk.  The 
process of applying these theories to the computational fluid dynamics software will be 
discussed, before a complete discussion and validation of the results.  Finally, 
conclusions will be drawn on the outcome of the project and any recommendations for 
future work will be presented. 
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Chapter 2 
 
 
Background 
 
 
The grain industry in Australia has undergone a rapid period of change over the last 
decade.  Deregulations within the industry have lead to the grain grower bearing more 
responsibility when it comes to marketing and distributing their product.  Previously, 
centralised storage networks along roads and rail, dominated the industry’s handling and 
distribution system. On-farm storage was used primarily at peak harvest times as a 
‘buffer’ in the transport of grain to the central handling systems. 
 
But now the trend is tending towards a decentralised system.  This is due to an increased 
focus on food safety issues. Buyers began to set strict limits on various grain quality 
parameters. Existing limits on grain quality were tightened and further restrictions were 
imposed on grain handling and its allocation process.  This enabled the customers to track 
the grain back to its source should it not meet these requirements. 
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This was not all bad for the farmers who are storing grain on-farm.  They were able to 
seek higher returns for meeting these constraints, and at the same time, sell into particular 
markets when the returns are highest. 
 
Similar changes were happening all over the world.  For this reason, technological 
advances in grain storage and handling in Australia were required to ensure the grain 
growers could continue to sell and export a superior product to its customers. 
 
2.1 Justifying the Cost of On Farm Storage 
 
One main problem that came with this new era of grain management circled around the 
upgrading of old and/or the installation of new on-farm storage facilities. The following 
potential benefits of good on-farm storage equipment and practices may help repay its 
cost: 
• It can aid harvest management by allowing harvest to continue when the crops are 
being stripped at a rate faster than the central system can cope with. 
• The storage facilities allow the grower to harvest the crop when an opportunity 
arises for an early harvest. This often brings several benefits to the farmer. 
• Untimely weather conditions can be avoided at harvest time, preventing the crop 
from being downgraded due to the effects of rain and hail etc. 
• It allows the farmer to sell into markets when they are at a premium.  It also 
allows grain consignments be sold in segregated lots and can be conveniently 
blended when required.  
2.2 The Significance of Aeration in Grain Quality Management 
 
Due to the preservation of grain quality being of utmost importance to grain growers and 
handlers, there are several grain characteristics that help define ‘grain quality’. By 
monitoring the following properties, the grain can then be graded and valued.  Then 
through an investigation of the parameters affecting the grain characteristics, alterations 
can be made to the handling, storing and processing methods, allowing optimum designs 
to be developed and used.  
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Intrinsic qualities describe the whole, unblemished, ripened grain.  These qualities, 
described by Boxall and Calverley (1985), include:  
• The shape, size, structure and colour which help to determine the type of grain. 
• Physical attributes such as bulk density, thermo-conductivity, equilibrium 
moisture content and flow-ability which are fundamental in the design of grain 
storing and handling facilities.   
• Biological properties which govern the respiration rate (a function of the 
storability of grain and germination potential)  
 
Acquired qualities refer to those which do not occur naturally:  
• Foreign matter such as weeds, seeds, sand, stones and oil which are commonly 
obtained during harvesting and threshing operations.  
• Insects and pests infestation which lead to contamination of grain batches. 
• Physical damage such as breaking, splitting and cracking.  This can arise at any 
stage but is primarily due to threshing, drying and processing operations.  
• Mould and bacteria propagation within the grain causing discolouration and 
lesions.  
To ensure that these acquired qualities do not negatively affect the grain grading 
standards and limits, holding grain at the correct moisture content is important.  
Inadequate drying can encourage pest infestation and breeding, causing the grain to 
metabolize at an undesirable rate, resulting in chemical changes and germination, which 
then leads to heat damage and destruction of the grain.  In contrast to this, excessive 
drying can cause the grain to become brittle, leading to physical damage. 
 
2.3 Attitudes to grain quality 
 
With the advent of drying and aeration systems in the grain industry, the attitudes to grain 
quality by those directly involved had to be understood.  The farmer has the priority of 
minimizing the risk of damage to the batch in order to maintain a standard that satisfies 
the customer’s needs.  Technological solutions to grain moisture and temperature 
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problems require a financial commitment, which the average farmer may not be able to 
afford.  Therefore, any technological advances in this area should tend towards satisfying 
the farmers and the end users needs at a minimal cost. 
 
2.4 Factors Affecting Heat Transfer 
As previously mentioned it is the heat and mass transfer within the grain bulk that leads 
to the development of undesirable properties throughout the grain mass. The changes in 
grain properties are primarily caused by diurnal and nocturnal variations as well as 
climatic seasonal changes. 
Navarro et al. (2002) stated there are a number of factors that are to be considered in 
relation to heat transfer in the grain bulk: 
1. Wind velocity. 
2. Ambient air temperature. 
3. Effects of solar radiation. 
4. Atmospheric weather changes resulting in major barometric pressure fluctuations. 
5. Structural parameters; size and shape, material, foundation type, number and size 
of openings. 
6. Heat transfer from the silo and surroundings by convection, radiation and 
conduction to ground. 
7. Internal factors such as physical and thermal properties of a grain bulk, respiration 
of the grain and respiration and population dynamics of the fauna and micro fauna 
in the grain. 
These factors are summarised in figure 2.1. 
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Figure 2.1: Factors Affecting Heat Transfer 
 
2.5 Moisture Migration 
 
Due to the hygroscopic properties of grains they have good insulation characteristics; 
heat loss from grain is relatively slow in comparison to other materials. For this reason, 
when grain is placed in a bin during winter, the grain in the centre of the bulk tends holds 
its original in-loading temperature. The grain near the silo wall on the other hand, 
approaches the average outside temperature. As the outside temperature decreases, a 
temperature gradient is created between the grain at the centre and the grain at the walls.  
This temperature differential inside the grain mass produces natural convection currents 
causing the cool air near the bin wall to fall since it is denser, forcing the warmer air up 
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through the center of the grain mass.  This winter moisture migration process is 
illustrated in figure 2.2. 
 
 
 
Figure 2.2: Winter Moisture Migration 
 
As the cold air passes through the center of the grain mass, it warms and picks up more 
moisture. As this air nears the top center surface of grain, it cools to a point where it can 
no longer hold the moisture it has picked up. This moisture condenses on the surface of 
the grain, increasing the surface grain's moisture content and creating a local environment 
that enhances mold or insect growth. This surface moisture change can occur even though 
the average grain moisture content is at or below recommended levels. The reverse 
situation occurs during the summer months and is illustrated in figure 2.3.  In this case, 
the moisture condenses near the bottom center of the grain mass 
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Figure 2.3: Summer Moisture Migration 
 
The moisture content of grain is defined in two primary methods.  The conventional 
method measures the percentage moisture content by weight (of a sample under test).  
However, for more accurate and meaningful results in relation to grain quality, the 
moisture content of the intergranular environment is considered.  The Equilibrium 
Relative Humidity (ERH) helps determine the grains potential to deteriorate.  If the ERH 
exceeds 65%, microorganisms are more likely to multiply.  Additionally, to protect grain 
from mould and bacteria, the ERH should not go beyond 70%.  If the ERH does reach 
these levels, a close eye should be kept on insects and mites, as they are most likely to 
survive in between 60-80% ERH. According to Navarro et al. (2002) there are six 
mechanisms for moisture migration: 
1. Diffusion of moisture through interparticle contact conduction. 
2. Leakage of water through openings in the structure. 
3. Exchange of water vapour with the atmospheric air at the grain surface. 
4. Diffusion of moisture to vapour gradients in the bulk. 
5. Translocation of moisture due to convection currents. 
6. Condensate that forms on the inside surfaces and downspout of the silo that falls 
onto the grain. 
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2.6 Temperature Distribution 
 
Of more importance to the grain handler, however, is the temperature distribution within 
the silos. The temperature content of stored grain is a fundamental parameter that governs 
the grains susceptibility to various forms of spoilage and destruction.  If the temperature 
of the grain can be controlled, moisture contents can be adjusted and deterioration by 
insects, mites and microorganisms can be minimized, if not eliminated.  The problem lies 
in the wide range of temperatures that pests are active in.  Majority of insects function in 
the range of 15 – 45oC.  However, microorganisms can be present at 0oC right up to 60oC 
for the heat resistant type.  Hence, the general target temperature for grain before and 
during storage is approximately 15oC. 
2.5 Preparing Grain for Aeration through Drying 
 
For an aeration system to work effectively and produce the desired outcomes for the 
farmer, a grain drying procedure should be in place.  Grain drying provides an effective 
way of reducing grain respiration by removing excess moisture.  The traditional method 
of natural drying is still being used today.  This inexpensive method utilizes the sun and 
the evaporative effect of the wind.  It does however leave the grain open to the 
atmosphere which allows an influx of dust and insects.  This process is not suitable for 
the humid tropics or during wet seasons.  Artificial drying techniques account for these 
conditions.  The forced movement of ambient or heated air through the grain provides an 
adequate medium for drying stored grain.  Drying the grain with heated air should be 
monitored closely, as the heat can cause physical damage through stress cracks and 
brittleness.  Overheating can occur at temperatures above 45oC, destroying the embryo, 
rendering it useless as a seed, leaving an undesirable end product. 
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2.6 Aeration and Grain Quality Preservation 
 
Champ and Highley (1985) describe the aeration process as “Forcing air of the 
appropriate thermodynamic state through a grain mass which results in the grain being 
either cooled or dried (or a combination of the two)”. 
 
Aeration is the best known operation to achieve the desired grain temperatures.  These 
systems can use ambient or conditioned air and its value varies with the region of 
application. That is, tropical climates have higher storage temps and may concentrate 
more upon the use of their drying systems to prevent grain deterioration as compared to 
temperate climates. 
 
Regardless of the condition in which the grain is stored after harvest, grain quality is still 
at risk of increases in moisture and temperature.  In open silos, moisture may be gained 
from the ambient air.  Whereas sealed silos may take up moisture from the grain bulk 
through moisture migration from the warmer to cooler parts.  Metal silos or bins are also 
more vulnerable to moisture migration due to the solar intensity effect on the thin 
galvanized walls.  If an aeration system is in place, an effective procedure can prevent 
this from occurring.  The forced air will create a cooling effect and most importantly 
establish a uniform, low temperature throughout the grain bulk. 
 
It should also be noted that when air is forced through a bulk of grain, three zones are 
created in the grain bulk.  These three zones, referred to as zone A, B, and C in figure 2.4 
are separated by temperature and moisture fronts.  As the air is pushed through, the zones 
move through the mass in waves which are defined by a ‘leading edge’ and a ‘trailing 
edge’. 
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Figure 2.4: Temperature and moisture fronts in an aerated grain bulk. 
 
The characteristics of each zone can also be defined: 
 Zone A: The grain is in moisture and temperature equilibrium with the inlet air.  
 When drying the grain bulk, this is the desired zone for the entire grain mass. 
Zone B: When the aeration schedule is in operation, the aim is to have this zone 
of uniform temperature occupy the majority of the grain bulk. 
Zone C:  The grain in this zone has not been affected by the aeration process and 
is at the original moisture and temperature content. 
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2.7 Benefits of Aeration and Grain Cooling 
 
Grain cooling through ambient or refrigerated aeration provides the grain handler with an 
effective means for protecting stored grains. Thorpe (1985) highlighted several benefits 
of aeration in grain cooling: 
• It reduces, or may even completely suppress the growth of insect pest populations. 
• The amount of pesticide required to give long-term protection from insect pests 
may be significantly reduced.  Furthermore, if either ambient or refrigerated 
aeration is used to cool the grain, the rate of decay of pesticide becomes 
independent of the initial grain state. 
• Grain quality is preserved, which is particularly important when storing grains for 
seed of further processing. 
• Aeration may be used for short term preservation of damp grains while awaiting 
the availability of drying facilities. 
• Grain cooling by aeration reduces temperature gradients in stored grains, and this 
reduces the occurrence of harmful moisture migration. 
• Aeration consumes little energy and relies on simple technology. 
• Grain cooling is safe, does not require rigorous storage sealing standards, and it 
fits easily into existing grain handling strategies. 
• By reducing population pressure, grain cooling may be expected to slow the rate 
at which insects become resistant to chemical pesticide. 
Chapter 3 Literature Review 
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Chapter 3 
 
 
Literature Review 
 
 
Before the numerical techniques were established in the analysis of grain silos, the 
procedure required to obtain results from the governing conservation equations was quite 
tedious and lengthy.  Computing power has since revolutionised the procedures used in 
studying the behaviour of grain bulks and has provided scientists and engineers with a 
useful tool to better understand the interaction between grain silos and their operating 
environments. 
 
The research done in the area of grain aeration and drying is quite extensive.  Analysis 
types range from one dimensional, through to the three dimensional case and each 
approach has been carried out with differing theories and assumptions used.  Presented 
here is a review of selected papers which have provided the required insight and 
background knowledge to help develop an appropriate model for this analysis. 
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Szafran and Kmiec (2004) used FLUENT 6.1 to describe the heat and mass transfer 
during the drying cycle of a spouted bed dryer with a draft tube.  A Eulerian-Eulerian 
(multi-fluid) approach was chosen over the Eulerian-Lagrangian method because the 
latter method requires the single particles to be traced, and is therefore suited to small 
scale systems.  In their Eulerian-Eulerian approach, both the liquid and solid phase are 
treated as interpenetrating continua and it was found that the model required additional 
closure laws to describe the effects of turbulent fluctuations of the velocities. Szafran and 
Kmiec stated “The Multi-fluid granular kinetic model and k ε− ( turbulent kinetic 
energy k and its rate of dissipation ε ) turbulence model were applied to describe the flow 
behaviour of a fluid-solid mixture”.  To reduce computational times and resources the 
model was divided in half due to the systems symmetry and a two dimensional 
axisymmetric segregated solver was used.  To enable a smooth mesh, both quadrilateral 
and triangular cells were used and the control volume approach was used to obtain the 
numerical solutions.  “Underrelaxation factors were set at 0.2-0.4 and convergence was 
achieved when the scaled residuals were less than 31 10−×  for all variables except 
continuity and energy for which the criteria of convergence were set to 
4 61 10  and 1 10− −× ×  respectively”. 
Szafran and Kmiec defined the following boundary conditions: 
¾ The continuous phase was treated as an ideal gas. 
¾ The solid phase was considered incompressible. 
¾ The flow was considered incompressible. 
¾ The walls were treated as adiabatic, and nonslip wall conditions were used in all 
phases. 
¾ The inlet condition was considered as a velocity inlet boundary condition with a 
uniform velocity profile. 
¾ The pressure boundary condition was considered at the outlet. 
¾ Axisymmetric boundary conditions were applied along the axis of symmetry. 
After comparing their results to their experimental tests and other researchers findings, 
they found that the Nusselt and Sherwood numbers were under-predicted by two to three 
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orders of magnitude.  However, CFD simulations predict the exact mass-transfer rate but 
under-predicted the heat transfer rate. 
 
Fohr and Moussa (1993) investigated a cylindrical grain silo submitted to a periodic and 
uniform heat flux (due to solar radiation, air temperature and wind). Their main aim of 
this analysis was to understand the effect that the meteorological influences have on the 
location and amount of water that is deposited in the grain bulk.  To represent these 
characteristics appropriately, the model focused on the following characteristics: 
¾ A cylindrical container of grain. 
¾ A periodic flux at the wall. 
¾ Open air under and above the grain bulk. 
¾ A thermic and mass natural convection in the porous medium. 
¾ The grain is a moisture source in relation to air temperature and moisture. 
 
Fohr and Moussa also conducted a similitude problem in their analysis. A cylindrical silo 
of 1/5 to 1/10 in scale was created and a porous mineral grain of expanded clay pellets 
was used.  Results from these experiments lead Fohr and Moussa to several conclusions. 
In the initial periods, it was found that the majority of heat and mass transfer took place 
in the hot conductive boundary layer.  Whereas in the latter periods, the stored heat 
provided a convective flux through the centre of the grain bulk where the consequent 
drying lead to a reduction in the differences of water content.  Further work suggested by 
Fohr and Moussa recommended the inclusion of atmospheric factors such as solar 
radiation, air temperature, wind velocity and daily alternance in conditions from winter to 
summer. 
 
Khankari, Patankar and Morey (1995) developed a mathematical model for moisture 
migration by comparing the change in air moisture with the change in grain moisture. To 
do this, the effect of temperature and moisture gradients are clearly separated in the 
conservation of moisture equation.  To enable this, an assumption on the macroscopic 
scale was made: the intergranular air and the grain kernel phases are evenly distributed.  
Khankari et al. included other key assumptions affecting the governing equations: 
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¾ air vapour mixture is an incompressible ideal gas. 
¾ air density is constant except for buoyancy terms (ie Bousinesq approximation 
is used) 
¾ Darcy’s law is used to express the horizontal and vertical velocity 
components(i.e. Reynolds number less than one for natural convection 
velocities) 
¾ The diffusion of grain moisture through grain contact is negligible. 
The control-volume scheme was used to numerically solve the unsteady, nonlinear, 
coupled equations.  After comparing results from the numerical model to their 
experimental tests, they found that the numerical model provided meaningful results for 
all areas except the moisture migration predictions.  To increase the accuracy in this area, 
Khankari et al. suggest that more accurate grain permeability data is required. 
 
Thorpe (1992) reviews the physical properties of the grain bulk which must be 
understood to ensure that aeration practices are beneficial.  The physical parameters 
operating in the grain store refers to the temperature and humidity distribution in the 
intergranular spaces.  During aeration, the grain bulk absorbs (take up) and desorbs (give 
up) moisture.  Thorpe states that “As a consequence of the hygroscopic nature of the 
grain: 
¾ The temperature and moisture content of the intergranular air have a profound 
effect on the grain temperature and moisture content of grains stored in an aerated 
store. 
¾ The temperature and moisture content of the air used for aeration also have a 
strong effect on conditions within an aerated grain store. It is by no means 
impossible for aerated grains to increase to a temperature that exceeds the 
temperature of the air used for aeration.” 
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This phenomenon also causes the wet-bulb temperature of the air used to aerate the grain 
and the initial grain moisture content, to become the two most important variables that 
affect the prevailing conditions in an aerated grain store.  This has lead Thorpe to 
formulate a series of mathematical steps to calculate the desired grain conditions caused 
by the aeration process  
 
Thorpe restricts the analysis of the behaviour of aerated beds of grain to one-dimensional 
systems, and assumes that air flows with a uniform velocity through the bed. This 
analysis illustrates the most basic of the principles of the solution procedure and keeps 
the algebraic equations simple. 
 
Mass, moisture, energy balance equations are derived for dry air flowing in one 
dimension through a ventilated grain bulk.  In this analysis Thorpe ignores changes in 
potential and kinetic energy of the air due to the application of the first law of 
thermodynamics to the flow process.  Due to zero net work being done by the system, the 
energy balance can be reduced to an enthalpy balance.   
 
Thorpe also attempted to express the energy and moisture balances in terms of the 
temperature and moisture content of the stored grain.  This was done with the key 
assumptions that the specific heats of the air and water are constant and the velocity of 
the water vapour and dry air are the same.   
 
The resulting equations were found to be quite useful due to including biological impacts 
such as mould growth, rate of increase in insect population and the rate at which seeds 
lose their viability.  Due to the mathematical complexities involved in finding solutions 
for grain temperatures and moisture contents, Thorpe wrote programs in BASIC to 
perform the numerical analysis.  However, the results may carry a significant level of 
error due to the accumulation of errors that can stem from experimentally determined 
functions. 
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Thorpe (1995) also formulates equations that govern heat and moisture transfer for grain 
stores of any shape.  Thorpe seeks to lay a firmer foundation for the governing heat and 
mass transfer equations than what has previously been used. For these equations to be of 
use to engineers, the design equations need to be expressed in terms of variables such as 
temperature and grain moisture content which varies on the length scale of the 
macroscopic system.   
 
This introduced the method of volume averaging. This is done by averaging the variables 
of the grain kernels and intergranular environment in a specified volume of the grain 
bulk.  This analysis required the size of the specified volume to be large compared with 
the grain kernel, but small in comparison to the grain bulk.  
 
Thorpe defines the governing heat and moisture transfer equations through investigating 
the effective diffusion coefficient in stored grains, local mass and thermal equilibrium in 
bulks of grain and heat and mass transfer in respiring bulks of grains.  It is also stated that 
the mathematical models were not capable of modelling the heat, mass and momentum 
transfer phenomena that occurs in the headspace due to the complex nature of the 
turbulent fluid flow that takes place at the grain surface. Recognition is then given to the 
commercial software packages which may offer “considerable scope for grain storage 
technologists to solve very complicated problems.” 
 
Jayas and Muir (2002), investigate the grain bulks resistance to airflow while an aeration 
system is activated.  It was found that the intergranular porosity or void space in the grain 
bulk contributes to the frictional resistance to air or gas movement through the grain.  
This void space typically ranges between 35 and 45% of the grains bulk volume and is 
determined by the kernels physical properties and compaction levels, along with the type, 
size and distribution of foreign matter within the bulk.  
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Earlier work (Alagusundaram and Jayas, 1990) was presented by plotting airflow per unit 
of cross-section area against pressure drop per unit depth of the product.  These log-log 
plots were obtained by plotting experimental data and subsequently fitting one or more 
experiential equations to the line. 
 
Expensive field tests were conducted to determine the static pressure patterns at various 
locations in a large grain bed.  Mathematical models were then produced to allow all the 
governing parameters to be considered.  It was found that the results compare well if the 
problem is formulated in terms of partial differential equations.  However, this method 
should only be used as an approximation to the solution when analytical solutions 
become to difficult due to the problems complexity
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Chapter 4 
 
 
Method of Solution 
 
 
Modelling temperature and moisture distribution in stored grain bulks requires the 
solution of the governing equations, namely the conservation of mass, energy and 
momentum equations.  These nonlinear partial differential equations need to be solved 
simultaneously with the help of computing power.  As with any complicated system, 
various assumptions will be made to help simplify the development and consequent 
solution of these equations. 
 
4.1 Modelling Assumptions 
 
The aeration of a silo exhibits all the characteristics of a three dimensional problem.  The 
three dimensional space (grain bulk) is encompassed by the galvanised walls and further 
described by flow inlets and pressure outlets. Although the ultimate solution set for such 
a problem requires the analysis of the three dimensional case, it has been well 
documented that the benefits over a 2 dimensional solution are minor.  The 3D case 
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requires a lot more time to set up and additional computing power to solve, and the 
results obtained are of a similar magnitude. 
 
Hence, for this analysis a two dimensional model has been chosen.  A one dimensional 
model was disregarded due to the interactions that occur within the intergranular 
environment of the grain bulk.  The respiration of the grain kernels causes heat and 
moisture to be produced which causes buoyancy driven flows to occur.  This flow can be 
perpendicular to the main flow, rendering the one dimensional case useless.  The hopper 
style silo also produces flows perpendicular to the main flow due to its change in cross 
sectional area.   
 
Typically, grain silos are exposed to continuously changing atmospheric conditions.  
Conditions such as solar radiation, temperature variance and wind intervention have a 
considerable effect on the heat and mass transfer characteristics of the silo.  Because the 
boundary between the grain and the external environment (thin galvanised wall) is not a 
good insulator, the heating and cooling effects can be exacerbated.  Experimental data 
sets obtained by the CSIRO at the Dalby Agricultural College in 1999 and 2001, have 
been used to ensure the program adequately described the system and provided a means 
for validating the findings.  These experiments provide all the relevant data needed to 
illustrate the prevalent boundary and operating conditions for the system.  The results and 
testing procedures for the Dalby experiments will be discussed later. 
 
Analysing the internal domain involved the construction of steady state and transient 
models.  A steady state analysis will only be useful in industry if grain is stored for long 
periods.  This will allow the grain bulks temperature and moisture levels to reach a state 
of equilibrium.  This analysis does not provide the user with any information concerning 
the time the system requires to reach this state.  Therefore, by including a transient 
analysis, the effects of aerating the grain can be seen after a designated number of hours, 
days or months, providing the grain handler with vital information concerning the 
temperature and moisture fronts within the grain bulk. 
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The flow characteristics in the grain bulk were considered incompressible due to the 
relatively low velocities, pressures and temperatures in the model. To allow for the 
buoyancy induced forces to be included, the density is assumed to vary according to the 
ideal gas equation.  This will allow the air to rise as it increases in temperature and 
becomes less dense.  Equations for this are described later. 
 
Previous work done in this area found that the interaction between the grain surface and 
the headspace is complex and difficult to model.  Initial trials which included the peaked 
grain surface and headspace in the silo yielded divergent solutions.  Hence, for this 
analysis the grain is considered to exist to the top of the silo roof. 
 
Other complex interactions which occur in the grain bulk include the internal heat 
generation which is produced through grain respiration.  To include this aspect of the 
silos environment would consist of defining every grain kernel and its respiration rate.  
For this reason, the heat generated by the respiring grain has been ignored. 
 
By adopting these assumptions the continuity, energy and momentum equations for the 
model were greatly simplified. 
 
4.2 Governing Equations 
 
In the analysis of this system, the grain bulk is assumed to be a porous media.  The air 
flow within the system transports the moisture through the intergranular environment.   
To represent this fluent solves the appropriate, Mass, Momentum and Energy 
conservation equations. These are described below. 
 
4.3 Conservation of Mass Equation 
 
One of the basic conservation laws states that mass can neither be created or destroyed, 
that is, the inflows, outflows and change in storage of mass in the silo must be in 
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balance. Within fluid mechanics, this equation forms the basis of the continuity equation 
and is represented (in two dimensional rectangular coordinates) by equation 4.1. 
 
 0d u d v d
dx dy dt
ρ ρ ρ+ + =  (4.1) 
 
This equation relates the density ( ρ ) and velocity fields of the system to the time 
element (t).  The velocities in the x and y directions are respectively represented by u and 
v. 
 
Fluent defines the conservation of mass equation in a similar form with the addition of a 
source term on the right hand side (equation 4.2). 
 
 ( ). mSt
ρ ρυ∂ +∇ =∂
G  (4.2) 
 
This source (Sm) term defines the mass added from any user defined sources. (Fluent 
online Help, Fluent Inc. 2001) 
 
4.4 Conservation of Energy 
 
Also known as the first law of thermodynamics, the conservation of energy equation was 
derived on the assumption that all physical properties are not dependent on temperature.  
This law states that energy may be transformed from one kind into another in an isolated 
system but it can not be created or destroyed - the total energy of a system always 
remains constant.  The equation in its general form, neglecting second order terms, is 
defined in equation 4.3. 
 
 
2 2
2 2
T T T Tu v
x y x y
α  ∂ ∂ ∂ ∂+ = + + Φ ∂ ∂ ∂ ∂   (4.3) 
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Where the viscous dissipation (Φ ) term appears due to the development of thermal 
energy and is further defined by equation 4.4. 
 
2 2 22 22
3
u v u v u v
y x x y x y
µ        ∂ ∂ ∂ ∂ ∂ ∂  Φ = + + + − +        ∂ ∂ ∂ ∂ ∂ ∂          
 (4.4) 
 
Fluent has made minor modifications to the basic energy equation to allow it to be 
adapted to different forms of problems.  Fluent defines the energy conservation equation 
by equation 4.5: 
 
 ( ) ( )( ) ( ). . .effeff j j h
j
E E p k T h J S
t
ρ υ ρ τ υ ∂ + ∇ + = ∇ ∇ − + + ∂  ∑
GG G  (4.5) 
 
where keff , and jJ
JG
 represent the effective conductivity and diffusion flux of the species, 
respectively.  Inspection of the right hand side reveals that the first three terms represent 
energy transfer due to conduction, species diffusion and viscous dissipation, respectively.  
The additional term Sh denotes the heat of chemical reaction and other heat sources from 
user defined functions.  The other variable of interest on the left hand side (E) is in the 
form of the total energy (equation 4.6). 
 
 
2
2
pE h υρ= − +  (4.6) 
 
Where h is used in two forms to represent the ideal gas (equation 4.7),  
 
 j j
j
h Y h= ∑  (4.7) 
 
and incompressible flows (equation 4.8). 
 
 j j
j
ph Y h ρ= +∑  (4.8) 
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Where Yj indicates the mass fraction of species (j).  The terms left over in this equation 
are defined by equation 4.9. 
 
ref
T
j pjj
T
h c dT= ∫  (4.9) 
 
where Tref is taken at 298.15K. (Fluent online Help, Fluent Inc. 2001) 
  
4.5 Conservation of Momentum Equation 
 
The conservation of momentum equation is obtained from the application of Newton’s 
second law of motion. Within the problem domain, the amount of momentum remains 
constant - momentum is neither created nor destroyed, but only changed through the 
action of forces as described by Newton's laws of motion. Dealing with momentum is 
more difficult than dealing with mass and energy because momentum is a vector quantity 
having both a magnitude and a direction. Momentum is conserved in all three physical 
directions. It is even more difficult to analyse when dealing with a gas because forces in 
one direction can affect the momentum in another direction. The analysis of the silo is 
simplified because the properties only change in the x and y direction (two dimensional 
analysis).  In mathematical three dimensional form, these equations are defined by 
equations 4.10, 4.11 and 4.12. 
  
 2 2 2
2 2 2x
u u u u p u u uu v w g
t x y z x x y z
ρ ρ ρ ρ ρ µ   ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + + = − + + +  ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂   
x-direction momentum equation
 (4.10) 
 
 
 2 2 2
2 2 2
y-direction momentum equation
y
v v v v p v v vu v w g
t x y z y x y z
ρ ρ ρ ρ ρ µ   ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + + = − + + +  ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂   
 (4.11) 
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 2 2 2
2 2 2
z-direction momentum equation
z
w w w w p w w wu v w g
t x y z z x y z
ρ ρ ρ ρ ρ µ   ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + + = − + + +  ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂   
 (4.12) 
 
 Where , ,x y zg  is the body force acting on the fluid in the x, y and z directions respectively, 
and p is the pressure.  Reducing these equations to suit this two dimensional case yields 
equation 4.13 and 4.14. 
 
 2 2
2 2
x-direction momentum equation
u u p u uu v
x y x x y
ρ ρ µ  ∂ ∂ ∂ ∂ ∂+ = − + + ∂ ∂ ∂ ∂ ∂ 
 (4.13) 
 
 2 2
2 2
y-direction momentum equation
y
v v p v vu v g
x y x x y
ρ ρ ρ µ  ∂ ∂ ∂ ∂ ∂+ = − + + ∂ ∂ ∂ ∂ ∂ 
 (4.14) 
 
Fluent represents the momentum conservation in the following fashion (equation 4.15). 
 
 ( ) ( ) ( ). .p g Ft ρυ ρυυ τ ρ∂ +∇ = ∇ +∇ + +∂ GG G G G  (4.15) 
 
The additional variables in this equation are defined as follows: 
τ Æ stress tensor 
gρ GÆ gravitational body force 
F
GÆ external body forces 
(Fluent online Help, Fluent Inc. 2001). 
 
4.6 Buoyancy-Driven Flow 
 
Buoyancy forces due to temperature changes are quite often a driving mechanism for 
fluid flow in physical systems. Because of the temperature differentials caused by 
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varying climatic conditions and the hotter silo walls, a cooler environment is created at 
the centre of the grain bulk.  The hotter fluids are less dense and lighter than the cooler 
fluids and tend to rise.  Conversely, the cooler fluids are denser and heavier than the 
hotter fluids and sink.  This creates the convection currents.  These buoyancy induced 
flows, caused by the change in the air’s density, are governed by the ideal gas equation of 
state (equation 4.16); 
 
 p RTρ=  (4.16) 
 
 
This model relates absolute pressure and temperature to the density for many gases.  R is 
the gas constant and is defined by equation 4.17; 
 
 u
gas
R
R
MW
=  (4.17) 
 
where uR  is the universal gas constant and gasMW  is the molecular weight of the gas in 
question (air).   
 
Within the grain silo however, there exists a change in pressure as the vertical (‘y’) 
distance changes.  Referred to as the pressure gradient, equation 4.18 simply states that 
the net pressure force per unit volume at a point plus the body force per unit volume at a 
point is equal to zero: 
 
 0y
dp g
y
ρ− + =∂  (4.18) 
 
Throughout the convection currents, the density of the air varies greatly, becoming an 
unknown variable.  Fluent counters this through the use of transient calculations.  This 
method computes the initial density from the given temperature and pressure.  This 
allows the mass of the air to be calculated, which then must be conserved throughout the 
governing equations. 
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4.7 Classical Methods Used to Solve Differential Equations 
 
Within computational fluid dynamics, there are several traditional approaches used to 
solve the governing differential equations.  Each method has its own strong points and 
weaknesses, which allows the user to choose an appropriate method for the desired 
application.  Following is a description of each method and its application to 
computational fluid dynamics.  
 
4.7.1 Finite Difference Method 
 
In the finite difference method the governing differential equation is written in terms of 
the temperatures, velocities and pressures at a finite number of points in the region of 
interest (see figure 4.1).  The derivatives at a point are replaced by expressions written in 
terms of the parameters at neighbouring locations.  This procedure is continued at each 
node, giving rise to a set of simultaneous equations.  Once these are solved concurrently, 
the parameter’s value is obtained at each point and is then assumed to exist in its finite 
region.   
 
Figure 4.1: Finite Difference Schematic 
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The finite difference method can take three different approaches to find a solution.  They 
are commonly referred to as the forward difference, backward difference and the central 
difference approximations and are described by the following equations. 
The forward difference (equation 4.19) represents the slope of the line passing through 
the points (a, f(a)) and (a+h, f(a+h)): 
 
 ( ) ( )( ) , for a small value of f a h f af a h
h
+ −′ ≈  (4.19) 
 
The backward difference equation (equation 4.20) is obtained by replacing h with –h in 
the above equation: 
 
 ( ) ( )( ) , for a small value of f a f a hf a h
h
− −′ ≈  
 (4.20) 
The central difference approximation is represented equation 4.21. 
 
 ( ) ( )( ) , for a small value of 
2
f a h f a hf a h
h
+ − −′ ≈  (4.21) 
 
It must also be noted that these approximations are only for the first derivatives and that 
f(a) has many continuous derivatives and corresponding approximations, all be it of 
similar form to the above equations.  The approximations for the derivative are then able 
to be substituted into the conservation equations to allow a numerical system to 
iteratively solve for the desired variables. 
 
4.7.2 Finite Element Method 
 
The finite element method however, differs slightly from the difference approximations.  
“The Basic idea in the finite element method is to find the solution of a complicated 
problem by replacing it with a simpler one.” (“The Finite Element Method in 
Engineering” second edition, S. S. Rao, 1989 Pergamon Press).  The finite element 
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method also makes physical problems easier to solve when the problem is too complex 
for mathematical tools. Furthermore, if results of higher accuracy are required, this can be 
obtained at the expense of computational power. 
 
The general nature of the finite element method makes it useful in a wide variety of 
problems where a solution is sought in the domain of a body where the initial boundary 
conditions are known.  It is therefore quite useful in steady state or transient heat 
conduction problems.  As its name suggests, the method represents an assemblage of 
subdivisions that are connected by nodes which lie on the elements boundaries. 
 
A general description of the finite element method is as follows: 
i. Discretization of the system. 
¾ Divide the domain into subdivision or elements. 
ii. Selection of proper interpolation models (temperature, velocity, moisture etc ) 
¾ Designate the desired simplifying assumptions on the model. 
¾ Define convergence and solution criteria. 
iii. Derivation of characteristic matrices and vectors. 
¾ From the assumed model, obtain the appropriate stiffness matrices and 
fluid flow vectors. 
iv. Assemblage of element matrices and vectors along with the derivation of 
governing equations. 
¾ Formulate local and global conservation equations. 
v. Solution for the unknown nodal characteristics (eg. temp, moisture) 
¾ Incorporate boundary and operating conditions into the conservation 
equations to obtain a solution. 
(S S Rao, “The Finite Element Method in Engineering”, second edition, 1989) 
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4.7.3 Boundary Element Method 
 
The boundary element method (BEM) is a numerical technique used to solve various 
types of engineering, mathematics and science problems.  The major difference between 
the boundary element method and the finite element method is that discretization takes 
place on the boundary for the BEM rather than throughout the domain for the FEM. 
Hence, the computational advantages of the boundary element method over other 
methods can be considerable if the details inside the domain are not relevant.  
 
4.7.4 Control volume approach 
 
The control volume approach is based on the conservation of a specific physical quantity, 
which in this case is the mass, momentum and energy of the system. Also known as the 
finite volume and volume integral method, the approach employs numerical balances of a 
conserved variable over small control volumes (see figure 4.2). 
 
Figure 4.2: Control Volume for a two dimensional system 
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Regardless of the nature of the flow, all flow situations are found to be subjected to the 
established basic laws of nature that have been expressed in equation form.  In addition, 
the physical restraints on each system (boundary and operating conditions) must also be 
satisfied before a solution to the problem will be consistent with the physical results. 
4.8 Boundary Conditions 
 
The process of modelling physical phenomena via computer simulations can be quite 
complex.  Real world problems are subject to a variety of environmental conditions that 
can be quite difficult to transfer into a computer model. To ease this transition, many 
simplifying assumptions concerning the parameters that affect the system are imposed on 
the model.  This decreases the degree of complexity of the problem and allows the 
conservation of mass, momentum and energy equations to be solved with greater ease.  
However, to receive quality results that compare well to experimental values, it is 
imperative that the assumptions imposed on the computer model are pragmatic and 
realistic.  
 
To define the limits of the grain silo, boundary conditions need to be set.  These 
restrictions allow different effects to be applied to the fluid in the boundary region, and 
enables flow conditions to be defined. Three basic boundary conditions help define the 
model that is being created; Solid boundaries, inlets and outlets.  Solid boundaries 
provide the user with the ability to confine the fluid flow.  The inlets and outlets then 
enable limitations to be imposed on the way the fluid enters and leaves the domain. 
4.8.1 Boundary Conditions Applied to Grain Silo 
 
To appropriately model the grain silo, boundary conditions were defined in the CFD 
program according to table 4.1. These conditions help represent the external limits as 
well as the inflow and outflow of air through the silo domain. 
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Table 4.1: Grain Silo Boundary Conditions 
Section Boundary Type Classification 
Aerating Duct Mass Flow Inlet Constant Temperature 
Bottom Cone Wall Convection 
Silo Walls Wall Convection 
Top cone Wall Convection 
Top Vent Pressure Outlet 
Atmospheric temperature 
and pressure 
 
4.9 Computational Fluid Dynamics Software 
 
Since computational fluid dynamics (CFD) spawned in 1960’s and 1970’s, its application 
in industry grew very slowly. However, the advent of computing power has allowed CFD 
applications to expand rapidly. The continual expansion of these packages has provided 
the users with more options when it comes to solving real world problems.  Computer 
Aided Design (CAD) and other modelling packages are now compatible with CFD 
software, allowing the actual systems to be imported into the CFD software and be 
appropriately modelled.  Due to its wide range of application, there is a plethora of CFD 
packages available that specialise in certain areas of fluid flow and heat and mass 
transfer.  The main areas of application include: 
¾ heat flow (heat exchangers) 
¾ mass transfer (perspiration)  
¾ phase change (melting, boiling, freezing) 
¾ chemical reaction (combustion cycles) 
¾ mechanical movement (pistons, fans), and 
¾ stresses and displacements of solids (civil structures). 
 
CFD packages available for this analysis were limited to the resources available at the 
University of Southern Queensland.  The two packages of interest were Ansys and 
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Fluent. Fluent was used as it provides the user with all the options that Ansys offers and it 
has proven to be a powerful tool in grain storage analysis by other engineers as well 
(Szafran and Kmiec (2004)). 
 
The CAD package used to create the initial model and boundaries for the silo was 
GAMBIT.  This package was used due to its user-friendliness and compatibility with 
various versions of Fluent. The approach taken to model the grain silos environment with 
this software will be discussed in following sections. 
 
4.10 Experimental Testing (CSIRO) 
 
Experimental tests conducted by the CSIRO have provided a silo to base the analysis on 
as well as an avenue to validate the results. The field trial of interest was conducted at 
Dalby in Queensland where data concerning the moisture and temperature changes in the 
grain pile was collected.  The experiment included extensive sampling of grain, fan 
performance measurements, data collection for local weather, measures of the air flow 
field and skin temperatures of the silo.  
 
The test silo contained 73 tonnes of freshly harvested sorghum in a Webster’s elevated 
farm silo, fabricated from galvanized iron.  The silo measured 4.49 meters in diameter, 
had a wall height of 5.1 meters and a base cone angel of 45 degrees.  Two fans were used 
for drying and cooling, each supplying a single duct of two meters in length, 0.33 meters 
in diameter and an open area of 23%.  The outlet vents installed on the roof of the silo 
provide a total vent area of 0.36 square meters.  Figure 4.3 shows a schematic of the test 
silo. 
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Figure 4.3: Test Silo Schematic
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Chapter 5 
 
 
Dimensional Analysis of a Grain Silo 
 
 
Real flow problems are often hard to solve exactly by analytical methods, and the grain 
silo is no exception.  However, by conducting a dimensional analysis, it becomes possible 
to relate the systems variables together through dimensionless groups  By utilising this 
tool, more can be understood about the system and its parameters. 
 
Dimensional analysis is a mathematical tool that is used in science and engineering to 
simplify a problem by reducing the number of variables to the smallest number of 
essential parameters.  These key parameters are typically described by dimensionless 
groups (pi groups) which relate the independent variables to dependent variables. 
 
This reduction of variables uses the Buckingham pi-theorem as its central tool.  The 
theorem describes how every physically meaningful equation involving n variables can 
be equivalently rewritten as an equation of n-m dimensionless parameters, where m is the 
number of fundamental units used.  Each pi-group obtained from this procedure must also 
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be independent.  That is, if one pi-group can be formed from a product or division of the 
other parameters, then it is called similar or dependent. 
 
The dimensional analysis can be easily applied to the grain silo environment.  The 
moving fluid (air in this case) enters the domain at the ducts with an inlet velocity ( iV ).  
The airs velocity has a corresponding effect on the heat transfer (q) that occurs in the 
domain. Other variables affecting the heat distribution such as the hydraulic diameter 
(DH), height of the silo (H), change in temperature ( T∆ ), air velocity (V), density ( ρ ), 
viscosity (µ ), gravitational forces (g), specific heat (Cp), thermal conductivity (k), heat 
transfer coefficient ( ch ) and the coefficient of expansion (β ).  The units of all these 
parameters are given in Table 4.1. 
 
Table 5.1: Variables affecting the heat distribution in an aerated grain silo 
Quantity Symbol Dimensions in M L t T System 
Hydraulic Diameter D L 
Height of Silo H L 
Temperature Change T∆  T 
Heat q 
2
2
ML
t
 
Velocity V 
L
t
 
Density ρ  3ML  
Viscosity µ  M
Lt
 
Gravity g  2
L
t
 
Specific Heat pC  
2
2
L
t T
 
Thermal Conductivity k  3
ML
t T
 
Heat Transfer Coefficient ch  3
M
t T
 
Coefficient of Expansion β  1
T
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After implementing the Buckingham-Pi theorem, eight dimensionless Pi Groups were 
obtained.  These are described in table 4.2 and the details of the procedure can be found 
in Appendix B. 
 
Table 5.2: Dimensionless Pi Groups For a Silo 
 
Pi Group 
Dimensionless 
Equation 
Pi Group 
Dimensionless 
Equation 
1Π  2 3QV Dρ  5Π  
pVD C
k
ρ
 
2Π  V D
µ
ρ  6Π  
H
D
 
3Π  
2V
gD
 7Π  ch Lk  
4Π  2p
C T
V
∆
 8Π  
.Tβ  
 
Upon Analysis of the eight dimensionless groups, five particular dimensionless values 
can be found that are of importance to heat transfer and fluid flow.  
 
The first and most apparent is the Reynolds Number (Re).  This dimensionless 
combination of variables is important in the study of viscous flow when there is a 
substantial velocity gradient.  More specifically, it is the inertial force divided by the 
viscous force and is useful in determining the flow regime for the system.  There are in 
general three types of fluid flow: 
1. Laminar 
2. Turbulent 
3. Transient 
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Laminar flow generally happens when dealing with low velocities.  It is also true for 
laminar flow that the shear stress depends almost only on the viscosity (µ ) and is 
independent of the density ( ρ ).  This flow regime, for flow inside pipes, is represented 
by a Reynolds number less than 2300 (Re<2300). 
 
In turbulent flow however, the flow becomes unpredictable due to eddies.  This often 
happens due to high flow rates and larger pipes thus becoming a function of the density 
( ρ ). Turbulent flow regimes in pipes are described by Reynolds numbers greater than 
4000 (Re>4000). 
 
Transitional flow is a combination of turbulent and laminar flow, with laminar flow near 
the edges and turbulence in the centre.  Any Reynolds number that falls between 2300 
and 4000 depicts a transitional flow type (2300<Re>4000). 
 
The second dimensionless number that is used in heat and mass transfer analysis is the 
Froude number, found in pi group three.  It is proportional to the inertial force over the 
gravitational force and is used in momentum transfer. The Froude number becomes 
relevant in fluid dynamics problems where the weight of the fluid is an important 
force.   This dimensionless value can also be identified by (equation 5.1). 
  
  
   
 Fr = V
g h
 (5.1) 
 
  
 
Thirdly, pi group 7 provides and equation known as the Nusselt Number (equation 5.2).  
Nusselt number relates the total heat transfer (numerator), to the conductive heat transfer 
(denominator) and is of particular importance in forced and free convection calculations. 
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 Nu = c
h D
k
 (5.2) 
 
Pi group 4 is found to represent the Eckert number (equation 5.3).  It is used in general 
momentum and heat transfer and is of particular use in high speed flows with heat 
exchange. 
 2Ec
pC T
V
∆=  (5.3) 
 
The final dimensionless number of importance is the Peclet number (equation 5.4).  This 
relation of forced convection to heat conduction is the equivalent to the product of 
Reynolds number and Prandtl number. 
 
 p
VD C
k
ρ
 (5.4) 
 
These dimensionless groups provide a means that is universally recognized, to express 
information about the grain silo.  It provides information for free, so to speak, in that it 
allows the researcher to compare the effect that different fluids, and geometries etc have 
on the heat transfer in a silo and reduces the need to conduct costly and time consuming 
experiments
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Chapter 6 
 
 
CFD Modelling Procedure 
 
 
6.1 Introduction 
 
Computational Fluid Dynamics, or simply CFD, has spawned from mathematical 
backgrounds to become a fundamental tool in obtaining numerical solutions to heat, mass 
and fluid flow problems.  Due to the increase in computing power, computational fluid 
dynamics applications are able to analyse many flow problems including those that are 
compressible or incompressible, laminar or turbulent, and chemically reacting or non-
reacting.   
 
Computational fluid dynamics eases the process of replacing the governing differential 
equations with an algebraic set (known as discretization).  To obtain an approximate 
solution, computational fluid dynamics packages use various discretization methods to 
solve the set of desired equations.  These include the Finite Difference Method, Finite 
Element Method, Finite Volume Method and the Boundary Element Method. 
 
The computational Fluid dynamics package in this analysis uses the Finite Difference 
approach.  This method requires the entire domain to be covered by a grid or mesh.  At 
each interior node, the governing equations are solved and provide an approximation to 
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the actual solution.  By obtaining an approximate answer, an error is introduced 
proportional to the size of the grid.  To improve this error, convergence criteria can be 
specified which then must be met my refining the meshes and modelling conditions. 
 
6.2 Approaches to CFD 
 
The process of analysing any system using computational fluid dynamics follows five 
basic steps. 
1. Initially the geometry for the system and the respective mesh for the domain must 
be created.  This is accomplished using Computer Aided Design (CAD) packages 
which must compatible with the desired CFD component. The packages must be 
congruent to allow the boundary and mesh definitions to be interpreted by the 
CFD software. 
2. Within the CFD model, the problems conditions must then be defined.  This is the 
most important aspect of the process because the physical problem must be 
described by numerical equations.  To do this the user imposes appropriate 
material properties and boundary conditions on the system and chooses the 
appropriate solver options (i.e. governing equations) to be used. 
3. Before the problem can be solved, the operating conditions must be set.  This is 
where the initial system temperatures, and fluid flow characteristics (for transient 
analyses) are defined, enabling the calculations to begin. 
4. The computational package then uses the above information supplied by the user 
to solve the equations.  This iterative process can solve steady state or transient 
problems and will continue until convergence is met or the user ends the 
procedure. 
5. It can not be assumed that the results obtained from CFD packages are completely 
accurate. Hence the next step should be to validate the findings.  This is usually 
accomplished by comparing the results to experimental data or analytical answers. 
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6.3 Creating the Model 
6.3.1 Gambit 
 
To adequately represent the physical boundaries of the grain silo and to create the control 
volumes for the analysis, GAMBIT v2.0.4 was used.  This package uses a Boundary 
Representation (B-rep) approach to define the appropriate edge types. 
 
Initially, points are placed according to the geometry of the silo.  Due to this analysis 
only being two dimensional, points were created in the x, y plane to represent the 
extremities of the silos geometry.  The points were then joined by lines to create the 
desired edges (walls, top and base cones and the top and bottom outlets).  Consequently a 
face was created from these edges to form the interior fluidized zone of the silo. 
 
Once the face is created, the mesh characteristics can then be identified. Gambit provides 
the user with many options regarding the mesh characteristics of the domain.  The 
number of nodes is specified on each edge of the domain.  This allows the user to place 
more nodes at regions of higher interest.  This is mainly where parameters have higher 
gradients.  This enabled a finer mesh (hence more control volumes in the analysis) to be 
created on the silo walls and corners where a more accurate solution is required.  The 
purpose behind creating different mesh characteristics stems from basic fluid mechanics 
principles - where there exists a change in the geometry, there exists a change in the 
characteristics of the fluid flow and thus should be analysed more closely. 
 
Now that the nodes have been appropriately placed, the mesh type must be chosen.  
Because there is no radical changes in shape throughout the silo, quad elements were 
most appropriate to use.  The mesh for the internal area is now generated, representing 
the internal grain bulk. The characteristics of the mesh type and density can be seen in 
figure 6.1. 
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Figure 6.1: Mesh Generation 
 
Fluent is then chosen as the desired solver for the problem.  This allows the zones and 
boundary conditions to be recognised by the fluent database when the mesh is exported.  
6.3.2 Fluent 
 
Having developed the boundary conditions and specified the internal domain, Fluent is 
now able to define the fluid flow characteristics for the silo.  To do this, several basic 
steps must be completed in order for the analysis to begin: 
i) Import the model geometry and grid 
ii) Check the mesh 
iii) Select an appropriate solver formulation 
iv) Choose the necessary governing equations 
v) Identify the material properties 
vi) Stipulate the boundary conditions 
vii) Adjust the solution control parameters (if convergence is not reached) 
viii) Initialise the flow field 
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ix) Obtain a solution 
x) Validate results 
The important steps in this analysis are discussed below. 
6.3.3 Defining the Model 
 
Upon successfully importing the mesh and checking the grid, the program requires the 
solver formulation to be completed.  The solver panel provides many options to the user 
regarding the solver and formulation type, dimensionality of the problem, flow type and 
velocity formulation.  The grain silos in these solutions were modelled with a segregated 
solver using the implicit formulation technique. 
 
The segregated solution method is a solution algorithm that solves the conservation of 
mass, momentum and energy equations via a control volume technique.  Basically, the 
governing equations are solved sequentially (i.e., apart from one another). Because the 
governing equations are non-linear (and coupled), several iterations of the solution loop 
must be performed before a converged solution is obtained. The sequential steps for this 
method are easily explained in figure 6.2. (Fluent Online Help, 2001) 
 
 
Figure 6.2: Overview of segregated solution method 
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The output from this solver is in the form of a system of equations which describe the 
dependent variables.  There exists a set of non-linear equations for each cell.  Fluent then 
‘linearises’ these equations using the implicit approach.  The implicit approach solves for 
the unknown values at a node by relating them to the parameters from neighboring cells.  
Due to the unknown values appearing in more than one equation, the equations must be 
solved simultaneously. 
 
The grain silo was solved using a two dimensional analysis.  This simplifies the solution 
procedure, saves computing time and power and obtains results with similar levels of 
accuracy to a three dimensional case.  
 
The system was modeled using two different approaches in regards to the time domain.  
Initially, a steady state analysis was conducted.  The results from these tests provide only 
a snapshot of the conditions within the silo once it has reached a state of equilibrium. 
 
Hence, to improve the understanding of how the heat transfer takes place, a transient 
analysis was also conducted. In this case fluent solves the conservation equations in time-
dependent form.  The setup for the transient model had the same boundary and operating 
conditions as the steady state case except for the time domain option.  The “unsteady” 
option was chosen which then lead to further unsteady formulation options, the most 
important of which revolved around the time step information. 
 
The initial conditions (ie at t=0) and solution parameters for the implicit unsteady 
formulation were then applied at the solution initialization panel.  For this analysis fluent 
requires the time step size ( t∆ ) and the maximum number of iterations per time step to 
be defined.  By multiplying these two variables, the total time for the solution is found. 
The time step was chosen through a trial and error process as it is suggested by fluent that 
there should be 10-20 iterations per time step to allow the solution to converge. However, 
initial convergence of the model was reached after approximately 130 iterations.  It was 
found that as more calculations were conducted, the iterations required to reach 
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convergence decreased.  The resultant time step size ( t∆ ) was altered according to the 
amount of time the required for the aeration to be felt throughout the entire silo.   
 
The velocity formulation panel provides the user with two options; relative and absolute 
velocities. Absolute velocity formulation is used in this analysis.  This approach is used 
when the flow within the domain is not rotating.  The absolute velocity for the inlet is 
specified according to the airflow rate provided by the inlet fan.  The velocity in this case 
was found by obtaining the volume flow rate (0.3695 m3/s) for the silo and dividing it by 
the available vent area (perforation area).  The ducts in this case were two meters in 
length, 0.33 meters in diameter and the perforations provided a total of 23% open area.  
The corresponding vent velocity for this silo was found to be 0.77 meters per second. 
 
The viscous model is used in Fluent to allow the flow type to be defined.  The three basic 
types of flow to choose from are the inviscid, laminar and turbulent flows.  To allow for 
the full buoyancy effects to be felt, the turbulent k ε−  model was used. The standard  
k ε−  model is based on the model transport equations for the turbulent kinetic energy 
( k ) and its dissipation rate (ε ).  This model was also used by Szafran and Kmiec (2004). 
6.3.3 Defining the Materials 
 
Within the materials selection panels, many options are made available to the user 
regarding material properties.  By submitting the relevant information about each 
material used in the system, fluent is able to recognize the properties and treat each 
material accordingly.  The materials properties used to describe the silos domain were 
taken from ASAE standards and are described in table 6.2. 
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Table 6.2: Material Properties 
Material 
Density 
( 3kg m ) 
Specific Heat 
( .J kg K ) 
Thermal Conductivity
( .W m K ) 
Air 
Incompressible 
ideal gas 
1006.43 0.0242 
Galvanized Steel 7800 434 0.12 
Sorghum 721 1010 0.17 
Oats 412 867 0.12 
Barley 618 939 0.12 
 
The density of the air was defined using the incompressible ideal gas law.  By doing this, 
the density will depend only on the operating pressure and not the local relative pressure 
field.  The default molecular weight for the air and operating pressures for the system 
were used. 
 
Upon setting the solver options fluent requires the boundary conditions to be defined.  
This process allows the user to create the physical parameters that describe the silo and in 
turn help define the mathematical equations. 
 
6.3.5 Boundary Conditions 
 
In order for Fluent to be able to recognise the domain, the boundary conditions and 
meshed areas need further definition.  Boundary types of interest in this analysis included 
walls, pressure outlets and velocity inlets. 
 
By defining these boundary types, the affect that the changing climatic conditions have 
on the heat and mass transfer in the silo can be satisfactorily modelled. In an attempt to 
model the differing winter and summer cycles, conditions which correspond to classic 
winter and summer days were adopted.  The details of which are collated in tables 6.3. 
Chapter 6 CFD Modelling Procedure 
50 
 
A major topic of interest which affected the silos environment was the heat generated by 
the sun. The heat energy provided by the sun is in the form of electromagnetic radiation 
and is often referred to as the solar intensity.  Due to the elliptic orbit of the sun around 
the earth, the solar intensity provided by the sun varies with the day of the year.  Also, 
due to the absorption and scattering processes induced by the different atmospheric layers 
as well as clouds and dust etc, the intensity received at ground level is never the same for 
each day of the year. In an attempt to represent classical solar intensities imposed on a 
grain silo, values were obtained for a typical hot clear summer day and a cloudy cool 
winters day.  A common solar intensity for the summer condition was assumed to be 
approximately 700 watts per square meter and the corresponding cloudy winter condition 
is approximated as 250 watts per square meter (W/m2).  Fluent however, requires the heat 
generation rate to be entered in watts per cubic meter (W/m3)  This was achieved by 
dividing the corresponding solar intensities by the thickness of the silo walls.  The wall 
were assumed to be a uniform two millimetres thick, galvanised steel formation free from 
any reflective paint coating or insulation.  Refer to table 6.3 for further information on the 
solar intensity levels. 
 
By choosing the convection thermal conditions at the wall, Fluent required the additional 
input of the heat transfer coefficient.  This number was calculated using empirical 
correlations for various shapes from Kreith and Bohn (2001).  All physical values were 
evaluated at the arithmetic mean between the surface temperature of the silo walls and the 
ambient temperature.  Kreith and Bohn also noted that the accuracy of calculating the 
heat transfer coefficient by this means is generally no better than 20%.  The calculated 
heat transfer coefficients can be seen in table 6.3 and the detailed solutions can be found 
in appendix C. 
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Table 6.3: Boundary Conditions 
Conditions Summer Winter 
Average Grain Temp  ( oC) 31 19 
  
700 250 
700 250 
350 125 
Heat Generation Rate (W/m2) 
Top Cone
East Wall
West Wall
Base Cone 100 100 
  
22 15 
Free Stream Temperature (oC) 
Velocity Inlet
Walls & Pressure Outlet 35 25 
  
4.78 
2.32 
Heat Transfer Coefficient 
Top
Walls
Base 2.03 
 
The east and west aeration ducts were represented according to figure 6.3.   The 
perforated ducts were represented as velocity inlets which were two meters in length.  
Due to the intricacy of the duct design, the individual perforations were neglected and a 
uniform velocity of 0.77 meters per second was assumed over the entire duct length. 
 
Pressure Outlet 
Two symmetrical outlet vents were modeled that provided a total vent area of 0.36 square 
meters.    The pressure outlet panel allows conditions to be set for this zone. Atmospheric 
conditions were assumed at the outlet and any backflow was assumed normal to the 
boundary. 
 
A reference pressure location also needed to be selected. This allows fluent to adjust the 
gauge pressure field after each iteration when incompressible flows are chosen.  The 
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reference pressure location was positioned (using x, y coordinates) at the middle of the 
west pressure outlet.  By locating this point where the absolute static pressure is known, 
the results are able to be compared with experimental data. (Fluent online Help, 2001) 
 
 
Figure 6.3: Boundary Condition Description 
 
6.3.6 Porous Formulation 
 
To enable the internal area of the silo to be modeled appropriately, the region must be 
identified as a Porous Medium.  This special type of fluid zone can be used to represent a 
wide variety of problems including flow through filter papers, perforated plates, flow 
 
 
East Side West Side 
Legend 
 
 1  Top Cone (Walls) 
 
 2  Pressure Outlets (Vents) 
 
 3  Side Walls 
 
 4  Velocity Inlets (Ducts) 
 
 5  Base Cone (Walls) 
2
1
3
4
5
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distributors, and in this case, packed beds.  The formulation requires additional user 
inputs (represented in table 6.4) to adequately represent the bulkspace. 
 
Table 6.4: Porous Model Formulation 
Grain Type Porosity 
Viscous Resistance 
Coefficient 
(x and y directions) 
Sorghum 0.36 3e-8 
Barley 0.45 2e-8 
Oats 0.55 1e-8 
 
 
The inputs illustrated in table 6.4 are used in the porous media model to add a momentum 
sink in the governing momentum equations.  This allows the model to incorporate an 
empirically determined flow resistance into the porous region.  By adding the porous 
media model to the system, various limitations are also introduced. 
¾ Given that every grain kernel cannot be physically represented, fluent uses 
superficial velocities inside the region, based on the volumetric flow rate.  This 
ensures continuity of the velocity across the porous interface. 
¾ Furthermore, the individual grain respiration rate cannot be successfully 
determined unless a user defined subroutine is adopted. 
¾ Although the interaction of the forced air with the grain kernels may cause some 
turbulent flow, the porous media model can only provide an approximation to this 
turbulence field. (Fluent Online Help, 2001). 
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Chapter 7 
 
 
Results 
 
 
The aim of this project was to investigate the effect that different parameters can have on 
the temperature distribution within an aerated silo.  The parameters covered in this 
analysis were restricted by time constraints and thus only concentrate on key areas of 
interest.  Fluent’s current capabilities only allow the moisture content of the inlet air 
during aeration to be modelled.  Although this is an important characteristic to consider 
when aerating, it is also critical to consider the initial grain moisture content and 
respiration rate which is of greater consequence to the moisture distribution.  To include 
these effects, it was found that a User Defined Function (UDF) was required.  This 
requires knowledge of an additional computer programming language (C Programming) 
which is unfamiliar to myself, and given the time restrictions, was unpractical to become 
skilled using.  Hence, this analysis concentrates on the temperature distribution within the 
grain bulk.   
 
Key factors covered in this investigation that influence the temperature distribution were 
centred on the different grain types and the effects of changing climatic conditions.  The 
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summer and winter scenarios were modelled for this project and a complete collection of 
the results can be viewed in the appendices. 
 
Fluent provides various methods for displaying the results through the use of graphical 
techniques.  Variables of interest represented in these results include the temperature, 
pressure and velocity distributions of the grain bulk.  The temperature and pressure plots 
are easily recognised via contour diagrams, whereas vector plots are used to represent the 
velocity magnitude.  
 
The analysis was based on the experimental data provided by the CSIRO.  A 75 tonne 
silo containing sorghum over the winter months will provide the basis for analysis and 
discussion. 
 
7.1 Discussion 
7.1.1 Convergence of Solution 
 
To have faith in the results produced by fluent, the solutions had to reach convergence.   
The convergence criteria is controlled primarily by the under-relaxation factors for each 
governing equation that is being solved. 
 
Initial tests were conducted on a sealed silo to examine where any hots spots existed 
which pose a problem to grain quality.  For the steady state case, convergence was not 
able to be obtained.  Various options were altered in the program to allow the 
convergence criteria to be met.  Initially, the laminar model was used to examine the 
system.  This produced a divergent solution.  It was then decided that the turbulent k ε−  
model would be used but convergence was still not able to be obtained.  An alteration 
was then made in the porous media panel.  The porous zone was assumed to be laminar 
within the turbulent system.  After making these changes without convergence, it was 
then decided to alter the under-relaxation factors.  The under-relaxation factors for the 
momentum were lowered from 0.7 to 0.2 and the corresponding energy values were 
decreased from 1.0 to 0.4.  These alterations produced a minor movement towards 
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convergence, before the system began to diverge again.  It was also discovered that 
entering a “Patch Pressure” for the system would help porous models to converge.  This 
helps the solution process by providing an initial guess of the pressure in the silo, 
allowing the program to begin calculations with a decreased level of error.  After making 
all of the above modifications to the model, convergence of solution was still unable to be 
obtained.  This suggests that for a sealed silo of this geometry and with the designated 
climatic influences, a state of equilibrium for the temperature may not exist.    
 
 In the case of the aerated silos however, convergence of solution was obtained for all 
circumstances.  Convergence for the steady state aerated silos was obtained after 
approximately 200-300 iterations.  Suitable iteration levels were also apparent for the 
transient examinations.    
 
7.1.2 The Aeration Effect 
 
Steady State Analysis 
The aeration effect was modelled according to the information provided by the 
experimental data.  A uniform grain temperature was set according to the average 
inloading temperature of 22 degrees Celsius (this only becomes relevant for the transient 
cases however).  Once the corresponding winter climate conditions were applied, the 
system was able to be modelled. 
 
A steady state analysis provided a set of practical results.  The average grain bulk 
temperature was reduced from 22 to 15 degrees Celsius (the inlet temperature of the 
aeration ducts), thus eliminating the convection currents that exist due to the temperature 
gradient.  Because the ducts do not extend over the entire length of the base cone, warmer 
spots can be seen in the corner at the base of the walls (figure 7.1).  Also, due to the solar 
intensity provided by the sun, a thin layer of grain around the silo walls and top cone has 
been affected and a maximum temperature of 47 degrees Celsius is apparent at the top of 
the silo and on the eastern wall.  Due to the grain being a good insulator and the effect of 
the forced air, these higher temperatures are contained to the outer layers of the grain. 
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Although the temperature is higher at the walls, the velocities caused by natural 
convection become insignificant due to the higher velocities induced by the aerating fans.  
Inspection of the velocity vectors (figure 7.2) also shows that the majority of cooling air 
is felt in the middle of the silo.  Also, due to the stagnant areas just above and below the 
aeration ducts, there exists minor convection currents due to the temperature gradient 
between the cooler air and the warmer edges. Because the air does not reach the wall at 
high velocities, the forced convection effect cannot be fully felt, thus contributing to the 
higher grain temperatures at the boundary. It should also be noted that the maximum 
velocity of the air at 3.5 meters per second is due to the large volume of air being forced 
through the smaller pressure outlets.  This value agrees relatively well with the 
experimental data where actual velocity at the outlet during the experiment was found to 
be 2.8 meters per second. 
 
The pressure contours (figure 7.3) also provide pragmatic results.  At the outlets, a zero 
gauge pressure exists which is expected.  It is also apparent that the pressure increases 
with the depth of the grain.  At the peak of the silo, the pressure is found to be 
approximately 9.9 Pascals, increasing uniformly through the grain bulk to a maximum 
pressure of 15.2 Pascals at the base.  The pressure contours also show that as the grain 
depth increases, the rate of change of pressure also becomes greater. 
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Figure 7.1: Steady State - Temperature Contours – Aerated – Sorghum – Winter 
 
 
 
Figure 7.2: Steady State - Velocity Vectors – Aerated – Sorghum - Winter 
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Figure 7.3: Steady State – Pressure Contours – Aerated – Sorghum - Winter 
 
Transient Analysis 
More meaningful results can be seen from the transient analysis.  Figures 7.4, 7.5, and 7.6  
provide snapshots of the temperatures profiles taken after one, 12 and 36 hours 
respectively. After one hour the maximum wall temperature was found to be 47.7 degrees 
Celsius. After 12 hours, this temperature increased to 48.8 degrees Celsius and the 
maximum reading after 36 hours dropped back to 47.9 degrees Celsius. The temperature 
fronts can be seen progressing through the grain bulk as time continues.  After 36 hours, 
the bulk of the aeration process is almost complete and has provided a relatively uniform 
temperature (according to the inlet temperature of 22 degrees Celsius) throughout the 
grain bulk. Hence, initial temperature fronts can be predicted to reach the pressure outlets 
after approximately 24 hours of aeration. 
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The pressure contours at one, 12 and 36 hours (figure 7.7 (a), 7.7(b) and 7.7(c)) provide 
similar patterns to the steady state analysis.  The maximum pressures range from 14.3 to 
15.5 Pascals 
 
The velocity profiles are also similar to steady state solutions (as expected). Maximum 
velocities of 3.6 meters per second at one, 12 and 36 hours (figure 7.8 (a), (b) and (c)) are 
present at the outlets. 
 
 
 
 
Figure 7.4: Transient - Temperature Contours – Aerated – Sorghum – Winter 
After 1 hour of Aeration 
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Figure 7.5: Transient - Temperature Contours – Aerated – Sorghum – Winter 
After 12 hour of Aeration 
 
Figure 7.6: Transient - Temperature Contours – Aerated – Sorghum – Winter 
After 36 hour of Aeration 
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Figure 7.7(c): 
Sorghum Pressure Contours  
After 36 hours Aeration
Figure 7.7(a): 
Sorghum Pressure Contours  
After 1 hour Aeration 
 
Figure 7.7(b): 
Sorghum Pressure Contours  
After 12 hours Aeration
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Figure 7.8(c): 
Sorghum Velocity Vectors 
After 36 hours Aeration
Figure 7.8(a): 
Sorghum Velocity Vectors  
After 1 hour Aeration 
Figure 7.8(b): 
Sorghum Velocity Vectors  
After 12 hours Aeration 
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7.1.3  The effect of Climatic Change 
 
To model the influence of climatic change on the internal environment of the silo, the 
convection thermal conditions of the walls were changed according to typical summer 
and winter conditions. 
 
Figure 7.9 shows the temperature distribution within the grain bulk during summer once 
the steady state was reached.  The temperature distribution is similar to that of the winter 
case (figure 7.1).  However, the maximum temperature on the top and eastern walls in the 
summer case approaches 116 degrees Celsius.  This is an increase in temperature of 69 
degrees Celsius in comparison to the winter case.    This maximum temperature in the 
summer case seems too high for a typical silo skin temperature.  The expected 
temperatures were to be in the region of 70-80 degrees Celsius. 
 
The lowest temperature of 15 degrees in the winter case and 22 degrees for the summer 
case, corresponds to the inlet temperature at the ducts, which is then distributed 
throughout majority of the grain bulk. The lower temperatures in the winter case provide 
lower temperature gradients which create milder convection currents in the stagnant 
regions above and below the aeration ducts (as compared to the summer case).   
 
By comparing the winter velocity vectors in figure 7.10 and the summer velocity vectors 
in figure 7.11, it can be seen that the increse in temperature did not affect the magnitude 
of the air used during aeration as maximum velocities of approximately 3.5 meters per 
second were obtained for each case. 
 
The pressure contours (figure 7.11 and 7.12) however, provide interesting results. In the 
summer case the maximum pressure at the base of the silo was found to be 12.9 Pascals. 
Whereas the maximum pressure in the winter case was 2.3 Pascals higher at 15.2 Pascals.  
The winter case also had a higher rate of change with regards to the pressure as the depth 
of the silo increased. 
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Figure 7.9: Steady State - Temperature Contours – Aerated – Sorghum – Summer 
 
 
 
Figure 7.10: Steady State – Velocity Vectors – Aerated – Sorghum – Summer 
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Figure 7.11: Steady State – Velocity Vectors – Aerated – Sorghum – Winter 
 
 
 
 
Figure 7.11: Steady State – Pressure Contours – Aerated – Sorghum – Summer 
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Figure 7.12: Steady State – Pressure Contours – Aerated – Sorghum – Winter 
 
7.1.4 The Effect of Different Grain Types on the Aeration Process 
 
There are a wide variety of grains grown and stored in silos right across Australia.  Each 
grain type has differing physical and hygroscopic qualities which allows each grain to 
behave differently when stored in grain bulks.  For this analysis, three different grain 
types were chosen for comparison.  These common grain types include sorghum, barley 
and oats and were chosen because of their varying thermal properties.  The results for 
each individual grain type are presented in table 7.1 
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Table 7.1: Results for Varying Grain Types 
Characteristics Sorghum Barley Oats 
Thermal Conductivity 0.17 0.12 0.12 
Density 721 618 412 
Specific Heat 1010 939 867 
Porosity 0.36 0.45 0.55 
Viscous Resistance 
Coefficient 
3e-8 2e-8 1e-8 
Max Temperature (0C) 47 47.5 46.6 
Max Pressure (Pascal) 15.2 14.1 15.2 
 
From these results it can be seen that the maximum temperatures for all grain types are 
within 0.9 degrees Celsius of each other and similar temperature distribution patterns 
were obtained for the sorghum, barley and oats (figure 7.1, 7.13 and 7.14 respectively).  
After viewing the temperature distributions after 12 hours for each grain type (figure 7.15 
(a), (b) and (c)) interesting trends appear.  As the porosity increases and the viscous 
resistance decreases, the temperature fronts appear to move quicker through the grain 
bulk. This suggests that aeration time required for barley and oats will be less or slower 
velocities are needed to in comparison to the sorghum case. The pressure contours for 
each grain have a similar gradient throughout the silo and have maximum pressures in the 
vicinity of 14.1 and 15.2 Pascals. 
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Figure 7.13: Steady State - Temperature Contours – Aerated – Barley – Winter 
 
 
Figure 7.14: Steady State - Temperature Contours – Aerated – Oats – Winter 
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Figure 7.15(c): 
Barley Temperature Fronts  
After 12 hours Aeration 
 
Figure 7.15(a): 
Sorghum Temperature Fronts  
After 12 hours Aeration
Figure 7.15(b): 
Oats Temperature Fronts  
After 12 hours Aeration 
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Figure 7.16(c): 
Barley Pressure Contours  
Winter Steady State
Figure 7.16(a): 
Sorghum Pressure Contours  
Winter - Steady State 
Figure 7.16(b): 
Oats Pressure Contours  
Winter – Steady State 
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7.1.5 Validation of Results 
Data collected from experimental test conducted by the CSIRO have been used to help 
validate the results produced by Fluent.  This raw experimental data was available in 
excel spreadsheets and few temperature and pressure graphs were available for 
assessment.  Due to time constraints and the raw nature of the experimental data, the 
information has not been examined in absolute detail. However, the graphs that are 
available will help determine if there are any trends between experimental and numerical 
results.  The most relevant data that was valuable in comparing results were in the form 
of temperature and pressure graphs.  
 
Velocity Correlations 
It can be said that the velocity profile provided by the numerical analysis closely predicts 
the actual velocities in the aerated silo.  The actual outlet velocity of the silo was 
recorded as 2.8 meters per second.  The results obtained from Fluent provide an outlet 
velocity of 3.5 meters per second.  It must be remembered however, that the headspace in 
the numerical analysis has been neglected. 
 
Temperature Correlations 
According to the temperature sensors located along the base cone, a maximum 
temperature of approximately 32 degrees Celsius existed at 0.9 and 1.8 meters from the 
bottom. From these readings it is assumed that this temperature would exist along 
majority of the base cone.  By inspecting the temperature distributions produce by fluent, 
the maximum temperature at the base of the silo was 28 degrees Celsius.   A limitation in 
this analysis now becomes obvious – because the aeration duct is represented as a 
velocity inlet, no heat generation is able to be applied to it.  Hence the actual heat 
generated from the base is not accurately represented.   
 
The skin temperatures found on the hotter wall of the Dalby silo increase with the height 
of the wall.  The experiment showed that at 0.4 meters up the wall an average maximum 
temperature of approximately 40 degrees was found.  This average maximum 
temperature increased to approximately 44 degrees Celsius at four meters up the wall.  
Chapter 7 Results 
73 
The numerical results however, do not show the same trend. Due to the assumption that 
the entire wall had a uniform heat generation rate, a relatively constant maximum wall 
temperature of 47 degrees is present.  Hence the maximum wall temperatures are over-
predicted by 3 degrees Celsius – a good approximation though. 
 
Experimental roof temperatures on the other hand were found to reach a regular 
maximum of 45 degrees Celsius over the month of July.   The numerical results closely 
predict this with a maximum temperature of 47 degrees Celsius, proving to be a  
relatively accurate representation of the experimental conditions. 
 
These wall temperature measurements suggest that the heat generation rate that was set in 
the computer model, predict reasonably well the actual solar intensity provided by the sun 
during winter months. 
 
Resultant temperatures of a centre drop cable were examined to compare grain 
temperature results.  Due to failing sensors, temperatures are only available at 4.5, 5.25, 
and 6.0 meters from the base.  Upon examining the graph, the effect of the changing 
environmental conditions over day and night become quite clear.  Over a five day period 
between July 13 and 18, the aeration has lowered the grain temperature to approximately 
11 degrees Celsius.  The corresponding steady state grain temperature obtained from 
fluent is 15 degrees Celsius – this was obtained after approximately 36 hours of actual 
aeration.  From this it is deduced that the speed of the temperature fronts in the numerical 
analysis over-predict the actual temperature front velocity.    Further analysis of the 
temperature fronts was not possible due to the lack of data available to represent the 
movement of the temperature fronts in the initial stages.  
 
Pressure Correlations 
In the initial analyses conducted in fluent, practical static pressure contours were not 
obtained.  The initial contours showed maximum temperatures at the peak and base of the 
silo.  To rectify this problem, the actual density of the air was entered according to the 
pressure and temperature, rather than using the default air density of 1.225.  After making 
Chapter 7 Results 
74 
this alteration, the trend in the static pressure profiles agreed with the pressure variations 
in experimental results; as the depth of the grain increased, so did the pressure in the silo.  
The pressure values from Fluent however, were not in agreement with experimental 
results.  The maximum pressure from fluent was 15.2 Pascals, whereas the maximum 
pressure from the experimental results was .18 Pascals (see figure 7.17).   
Dalby silo - Vertical pressure profile
 at various locations, 19/8/99
0
2
4
6
8
10
12
14
16
18
20
0 100 200 300 400 500 600 700 800
Height above silo floor (mm)
Pr
es
su
re
 (m
ill
ib
ar
s)
E - 100 mm from wall
N - 100 mm from wall
W - 100 mm from wall
Centre - adjacent to foot
of W duct
 Figure 7.17: Dalby Silo Vertical Pressure Profile (CSIRO Entomology Centre) 
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Chapter 8 
 
 
Conclusions and Recommendations 
 
 
In conclusion, the computational fluid dynamics package that was used to simulate the 
environment of an aerated silo provided results to a limited degree of accuracy.   For the 
test case, the boundary conditions applied to the model provided wall temperatures that 
agreed well with experimental results.  This correlation was not able to be transferred 
completely to the grain temperatures due to the raw nature of the experimental data.  
Although the pressure values obtained from the analysis were not of the same order of 
magnitude as the experimental results, the trend between experimental and numerical 
results were similar; as the grain depth increased, so did the pressure levels.   
 
The steady state analysis for the sealed silo did not reach convergence.    The divergent 
solution suggests one of two possibilities for the sealed silo.  There is either inadequacy 
in the software, or more likely, a state of equilibrium is not reached with the given 
boundary conditions. The headspace in the silo also provides convergence problems for 
Fluent.  This is due to the complex interactions that occur between the top grain layer and 
the moving air above it. 
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The limitations with Fluent lie in the porous media model.  The model is unable to 
calculate the moisture absorption and desorption properties of the grain and its interaction 
with the intergranular environment.  Because the moisture contents were not able to be 
appropriately calculated, this also induced a level of error into the temperature 
distribution as well.   
 
8.1 Achievement of Project Objectives 
 
 
Throughout the project, the following objectives were addressed: 
¾ A wide collection of information regarding grain storage and aeration was 
compiled and a solid background was built.  This was complimented by frequent 
visits to Pacific Seeds to view aeration facilities and their setups along with added 
guidance and recommendations received from the CSIRO entomology centre. 
¾ Work done in the experimental, numerical and analytical areas was reviewed and 
a literature review was completed. 
¾ Competency was gained on using the computational fluid dynamics software 
(Fluent and Gambit).  Appropriate two dimensional models describing the silo 
and its operating environment were then built.  The effect of different parameters 
on the temperature, pressure and velocity distributions was then analysed by 
altering the boundary and operating conditions. 
¾ Modelled results were then compared against experimental data and conclusions 
were drawn. 
 
 
8.2 Further Work 
 
Owing to the inadequate representation of the moisture distribution by the porous media 
model, any further work should concentrate on creating a User Defined Subroutine to 
represent the moisture absorption and desorption properties of the grain bulk.  This 
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requires the additional knowledge of C Programming and presents a challenging task for 
project students who are unfamiliar with the programming language. 
 
Further analysis of the experimental data provided by the CSIRO will allow the 
information to be used more thoroughly when validating the results.  This information 
will also provide an insight into the interactions that occur within the headspace of the 
silo, allowing it to be represented more realistically.  There also exists an inadequacy in 
the representation of the aeration ducts.  Within the model the duct should be placed 
inside the base cone to allow for the heat generated from the base to be included. 
 
By combining these elements, Fluent should be able to produce results of a higher degree 
of accuracy, proving it to be a useful tool in the analysis of grain silo aeration. 
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University of Southern Queensland 
FACULTY OF ENGINEERING AND SURVEYING 
 
ENG4111/4112 Research Project 
PROJECT SPECIFICATION 
 
FOR: Griffith Faulkner 
 Q1122356 
 
TOPIC: Numerical Investigation for Aeration of Grain Silos 
 
SUPERVISOR: Ruth Mossad 
ASSOCIATE SUPERVISOR: 
 
SPONSORSHIP: Faculty of Engineering and Surveying  
PROJECT AIM: This project seeks to investigate numerically the effect 
of different parameters of silos (size, shape, material, 
type or design and aeration rate) on the temperature and 
moisture distribution in the stored grain, under a variety 
of seasonal conditions. 
PROGRAMME: Issue A, 22 March 2004 
1. Locate information regarding grain storage and build the needed background on the 
effects of the different parameters. 
2. Conduct a literature review of the work done in this area.  
3. Learn how to use the computational fluid dynamics (CFD) software Fluent  
4. Use fluent to study the effect of different aeration rates on the temperature, air speed 
and humidity concentration in the silo, under a variety of seasonal conditions.  
5. Present and discuss the results.  
As time permits: 
6. Recommend optimum silo design. 
AGREED: ___________________ (student)    ___ / ___ / ___    
 ____________________ (supervisor)    ___ / ___ / ___    
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DIMENSIONAL ANALYSIS 
 
Factors found to affect the Heat Transfer of an aerated silo are  
 
q= ( , , , , , , , , , , )i p cf V D H T g C k hρ µ β∆   
 
Table B.1:  Dimensional Parameters 
Quantity Symbol Dimensions in M L t T System 
Hydraulic Diameter D L 
Height H L 
Temperature Change T∆  T 
Heat Q 
2
2
ML
t
 
Velocity V 
L
t
 
Density ρ  3ML  
Viscosity µ  M
Lt
 
Gravity g  2
L
t
 
Specific Heat pC  
2
2
L
t T
 
Thermal Conductivity k  3
ML
t T
 
Heat Transfer Coefficient ch  3
M
t T
 
Coefficient of Expansion β  1
T
 
 
Find: An appropriate set of dimensionless groups 
 
Solution: 
1) ,, , , , , , , , , ,i p cQ V W H T g C k hρ µ β∆   n = 12 dimensionless parameters 
 
2) Select primary dimensions , , ,M L t CD   r = 4 primary dimensions 
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3) 2 2
2 3 2 2 3 3
1
p cQ V D H T g C k h
ML L M M L L ML ML L T
t Lt Tt L t t T t T t T
ρ µ β∆
 
 
4) Select repeating parameters , , ,V D Tρ ∆  m=4 repeating parameters 
 
5) Then n - m =8 dimensionless groups will result 
 
Setting up the dimensionless equations, we obtain 
 
Pi Group 1 
( ) 2 0 0 0 01 3 2, , , , ( )
a b
ca b c d dM L MLV D T Q and L T M L t T
tL t
ρ     Π = ∆ =           
 
Equating the exponents of M, L and t result in 
1 2 3
: 1 0 1
: 3 2 0 3
: 2 0 2
: 0 0
M a a
L a b c c QTherefore
t b b V D
T d d
ρ
+ = = − − + + + = = −  Π =− − = = − = = 
 
 
Pi Group 2 
( ) ( ) 0 0 0 02 3, , , ,
a b
ca b c d M L MV D T and L T M L t T
t LtL
ρ µ      Π = ∆ =            
Equating the exponents of M, L and t result in 
2
: 1 0 1
: 3 1 0 1
: 1 0 1
: 0 0
M a a
L a b c c
Therefore
t b b V D
T d d
µ
ρ
+ = = − − + + − = = −  Π =− − = = − = = 
 
 
Pi Group 3 
( ) ( ) 0 0 0 03 3 2, , , ,
a b
c da b c d M L LV D T g and L T M L t T
tL t
ρ      Π = ∆ =            
Equating the exponents of M, L and t result in 
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3 2
: 0 0
: 3 1 0 1
: 2 0 2
: 0 0
M a a
L a b c c gDTherefore
t b b V
T d d
= = − + + + = =  Π =− − = = − = = 
 
 
Pi Group 4 
( ) ( ) 2 0 0 0 04 3 2, , , ,
a b
c da b c d
p
M L LV D T C and L T M L t T
tL t T
ρ     Π = ∆ =           
Equating the exponents of M, L and t result in 
4 2
: 0 0
: 3 2 0 0
: 2 0 2
: 1 0 1
p
M a a
C TL a b c c
Therefore
t b b V
T d d
= =  ∆− + + + = =  Π =− − = = − − = = 
 
 
Pi Group 5 
( ) ( ) 0 0 0 05 3 3, , , ,
a b
c da b c d M L MLV D T k and L T M L t T
tL t T
ρ      Π = ∆ =            
Equating the exponents of M, L and t result in 
5 3
: 1 0 1
: 3 1 0 1
: 3 0 3
: 1 0 1
M a a
L a b c c k TTherefore
t b b V D
T d d
ρ
+ = = − − + + + = = − ∆ Π =− − = = − − = = 
 
 
Pi Group 6 
( ) ( ) 0 0 0 06 3, , , , ( )
a b
ca b c d dM LV D T H and L T L M L t T
tL
ρ    Π = ∆ =        
 
Equating the exponents of M, L and t result in 
6
: 0 0
: 3 1 0 1
: 0 0
: 0 0
M a a
L a b c c HTherefore
t b b D
T d d
= = − + + + = = −  Π =− = = = = 
 
 
Pi Group 7 
Appendix B 
 
87 
( ) 0 0 0 07 3 3, , , , ( )
a b
ca b c d d
c
M L MV D T h and L T M L t T
tL t T
ρ      Π = ∆ =            
 
Equating the exponents of M, L and t result in 
7 3
: 1 0 1
: 3 0 0
: 3 0 3
: 1 0 1
c
M a a
L a b c c h T
Therefore
t b b V
T d d
ρ
+ = = − − + + = =  Π =− − = = − − = = 
 
 
Pi Group 8 
( ) 0 0 0 08 3 1, , , , ( )
a b
ca b c d dM LV D T and L T M L t T
t TL
ρ β      Π = ∆ =            
 
Equating the exponents of M, L and t result in 
8
: 0 0
: 3 0 0
.
: 0 0
: 1 0 1
M a a
L a b c c
Therefore T
t b b
T d d
β
= = − + + = =  Π =− = = − = = 
 
 
 
Check Using  , , ,V D Tρ ∆  dimensions 
 
2 3 2
1 2 3 2 2 3
1Q ML L t
MV D t L LρΠ = = ;  
3
2
1M L t
V D Lt M L L
µ
ρΠ = = ; 
2
3 2 2 21
gD L L t
V t L
Π = = ;    
2 2
4 2 2 21
pC T L T t
V t T L
∆Π = = ; 
3 3
5 3 3 3
1
1
k T ML T L t
M LV D t T Lρ
∆Π = = ;  6 H LD LΠ = = ; 
3 3
7 3 3 3 1
ch T M L t T
MV t T LρΠ = = ;   8
1.T T
T
βΠ = =  
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Finding Dimensionless Groups of importance to Heat Transfer and Fluid Flow 
 
¾ Pi Group 2 is known as Reynolds Number 
2
V Dρ
µΠ =  (Re) 
¾ Froude Number 
2
3
V
gD
Π = (Fr) 
 
¾ By combining and rearranging Pi Groups 5 and 7, The Nusselt Number appears 
5 7Π +Π  =
3
3
ch TV D
k T V
ρ
ρ
 + ∆ 
= c
h D
k
  (Nu) 
 
¾ Pi Group 4 is also referred to as the Eckert Number  
4 2
pC T
V
∆Π =  (Ec) 
¾ By combining Pi Groups 4 and 5, the Peclet Number is found 
4 5Π +Π  = 2 3p
C T k T
V V Dρ
∆ ∆+ = pVD C
k
ρ
 (Pe =RePr) 
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D
E 
Calculation of Heat Transfer Coefficients for a hopper Style Silo 
 
Nb: All equations, and tables referred to are from “Principles of Heat Transfer” (Kreith 
and Bohn, 2001). 
 
Case 1 – Vertical Walls of Length (L=5.1m) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4) Calculating the Grashoff number 
3
2
3
2
8 3
11
( )
.( )
0.839 10 (348 308)5.1
4.452 10
s
L
L s
g T T L
Gr
v
gGr T T L
v
Gr
Gr
β
β
∞
∞
−=
∴ = −
∴ = × −
∴ = ×
 
 
5) Calculate the Rayliegh Number 
11
11
Ra=Gr.Pr
Ra=4.452 10 .(0.71)
Ra=3.16 10
∴ ×
∴ ×
 
 
6) Find the Nusselt number (Nu) for a vertical plate from (eq 5.13) 
1 3
LNu= 0.13(Gr Pr) 884.76
ch L
k
= =  
 
7) The heat transfer coefficient hc can now be calculated 
1) Surface Temperature of Silo 
75 348sT C K= =D  
 
2) Ambient Temperature 
35 308T C K∞ = =D  
 
3) From table 27  Appendix A.  Properties for air @  mean temperature 
of (75+35)/2=55oC 
3
8
2 3
11.04 ; 3.05 10
0.02755 ; Pr 0.71
.
10.839 10
.
K
Wk
m K
g
v K m
ρ β
β
−   = = ×      
 = =  
 = ×   
3
kg 
m
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θ  G
R 
A 
I 
N 
O
U
T
S 
I
D
E 
2
884.76
4.78
.
c
c
kh
L
Wh
m K
∴ =
 ∴ =   
 
 
Case 2 – Top: vertical plate tilted at an angle (θ  = 60o) with the top surface being 
cooled. 
The length of the top plate is found by:  
2 21.298 2.224 2.59L m= + =  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4) Calculating the Grashoff number 
3
2
3
2
8 3
10
( )
.( )
0.782 10 (353 308)2.59
6.114 10
s
L
L s
g T T L
Gr
v
gGr T T L
v
Gr
Gr
β
β
∞
∞
−=
∴ = −
∴ = × −
∴ = ×
 
 
1) Surface Temperature of Silo 
80 353sT C K= =D  
 
2) Ambient Temperature 
35 308T C K∞ = =D  
 
3) From table 27  Appendix A. Properties of air 
at mean temp of (80+35)/2=57.5oC 
3
8
2 3
11.025 ; 3.0 10
0.0279 ; Pr 0.71
.
10.782 10
.
K
Wk
m K
g
v K m
ρ β
β
−   = = ×      
 = =  
 = ×   
3
kg 
m
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θ  
G
R 
A 
I 
N 
O
U
T
S 
I
D
E 
5) Using equation (5.14) to calculate the average Nusselt number and the heat 
transfer coefficient: 
1
4
L L
1
4
L
Nu = 0.56(Gr .Pr cos )
0.56(Gr .Pr cos )
214.94
2.32
c
c
c
c
h L
k
kh
L
kh
L
h
θ
θ
=
 ∴ =   
 ∴ =   
∴ =
 
 
 
Case 3 – Base Cone: vertical plate tilted at an angle (θ  = 45o) with heated surface 
facing downward. 
The length of the bottom plate is found by:  
2 22.160 2.224 3.114L m= + =  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4) Calculating the Grashoff number 
3
2
3
2
8 3
10
( )
.( )
1.07 10 (313 308)3.114
1.616 10
s
L
L s
g T T L
Gr
v
gGr T T L
v
Gr
Gr
β
β
∞
∞
−=
∴ = −
∴ = × −
∴ = ×
 
 
4) Surface Temperature of Silo 
40 313sT C K= =D  
 
5) Ambient Temperature 
35 308T C K∞ = =D  
 
6) From table 27  Appendix A.  Properties of air 
taken at mean temp of (40+35)/2=37.5oC 
3
8
2 3
11.095 ; 3.22 10
0.02162 ; Pr 0.71
.
11.07 10
.
K
Wk
m K
g
v K m
ρ β
β
−   = = ×      
 = =  
 = ×   
3
kg 
m
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5) Using equation (5.14) to calculate the average Nusselt number and the heat 
transfer coefficient: 
1
3
LNu = 0.13(Gr.Pr)
292.95
2.03
c
c
c
h L
k
kh
L
h
=
 ∴ =   
∴ =
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Figure D.1: Steady State – Barley - Pressure Contours – Aerated – Summer 
 
 
Figure D.2: Steady State – Barley - Temperature – Aerated – Summer 
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Figure D.3: Steady State – Barley - Velocity – Aerated – Summer 
 
 
Figure D.4: Steady State – Barley - Pressure Contours – Aerated – Winter 
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Figure D.5: Steady State – Barley - Temperature – Aerated – Winter 
 
 
Figure D.6: Steady State – Barley - Velocity – Aerated – Winter
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Figure D.7: Transient (1 hour) – Barley - Pressure Contours – Aerated – Summer 
 
 
Figure D.8: Transient (1 hour) – Barley - Temperature – Aerated – Summer 
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Figure D.9: Transient (1 hour) – Barley - Velocity – Aerated – Summer 
 
 
Figure D.10: Transient (1 hour) – Barley - Pressure Contours – Aerated – Winter 
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Figure D.11: Transient (1 hour) – Barley - Temperature – Aerated – Winter 
 
 
Figure D.12: Transient (1 hour) – Barley - Velocity – Aerated – Winter 
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Figure D.13: Transient (12 hours) – Barley - Pressure Contours – Aerated – Summer 
 
 
Figure D.14: Transient (12 hours) – Barley - Temperature – Aerated – Summer 
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Figure D.15: Transient (12 hour) – Barley - Velocity – Aerated – Summer 
 
 
Figure D.16: Transient (12 hour) – Barley - Pressure Contours – Aerated – Winter 
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Figure D.17: Transient (12 hour) – Barley - Temperature – Aerated – Winter 
 
Figure D.18: Transient (12 hour) – Barley - Velocity – Aerated – Winter
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Figure D.19: Transient (36 hours) – Barley - Pressure Contours – Aerated – Summer 
 
 
Figure D.20: Transient (36 hours) – Barley - Temperature – Aerated – Summer 
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Figure D.21: Transient (36 hour) – Barley - Velocity – Aerated – Summer 
 
 
Figure D.22: Transient (36 hour) – Barley - Pressure Contours – Aerated – Winter 
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Figure D.23: Transient (36 hour) – Barley - Temperature – Aerated – Winter 
 
 
Figure D.24: Transient (36 hour) – Barley - Velocity – Aerated – Winter 
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Figure E.1: Steady State – Oats - Pressure Contours – Aerated – Summer 
 
Figure E.2: Steady State – Oats - Temperature – Aerated – Summer 
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Figure E.3: Steady State – Oats - Velocity – Aerated – Summer 
 
Figure E.4: Steady State – Oats - Pressure Contours – Aerated – Winter 
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Figure E.5: Steady State – Oats - Temperature – Aerated – Winter 
 
Figure E.6: Steady State – Oats  - Velocity – Aerated – Winter
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Figure E.7: Transient (1 hour) – Oats - Pressure Contours – Aerated – Summer 
 
Figure E.8: Transient (1 hour) – Oats - Temperature – Aerated – Summer 
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Figure E.9: Transient (1 hour) – Oats - Velocity – Aerated – Summer 
 
Figure E.10: Transient (1 hour) – Oats - Pressure Contours – Aerated – Winter 
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Figure E.11: Transient (1 hour) – Oats - Temperature – Aerated – Winter 
 
Figure E.12: Transient (1 hour) – Oats - Velocity – Aerated – Winter 
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Figure E.13: Transient (12 hours) –Oats - Pressure Contours – Aerated – Summer 
 
Figure E.14: Transient (12 hours) – Oats - Temperature – Aerated – Summer 
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Figure E.15: Transient (12 hour) – Oats - Velocity – Aerated – Summer 
 
Figure E.16: Transient (12 hour) – Oats - Pressure Contours – Aerated – Winter 
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Figure E.17: Transient (12 hour) – Oats - Temperature – Aerated – Winter 
 
Figure E.18: Transient (12 hour) – Oats - Velocity – Aerated – Winter 
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Figure E.19: Transient (36 hours) – Oats - Pressure Contours – Aerated – Summer 
 
Figure E.20: Transient (36 hours) – Oats - Temperature – Aerated – Summer 
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Figure E.21: Transient (36 hour) – Oats - Velocity – Aerated – Summer 
 
 
Figure E.22: Transient (36 hour) – Oats - Pressure Contours – Aerated – Winter 
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Figure E.23: Transient (36 hour) – Oats - Temperature – Aerated – Winter 
 
Figure E.24: Transient (36 hour) – Oats - Velocity – Aerated – Winter 
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Figure F.1: Steady State – Sorghum - Pressure Contours – Aerated – Summer 
 
 
Figure F.2: Steady State – Sorghum - Temperature – Aerated – Summer
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Figure F.3: Steady State – Sorghum - Velocity – Aerated – Summer 
 
 
Figure F.4: Steady State – Sorghum - Pressure Contours – Aerated – Winter 
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Figure F.5: Steady State – Sorghum - Temperature – Aerated – Winter 
 
 
Figure F.6: Steady State – Sorghum - Velocity – Aerated – Winter 
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Figure F.7: Transient (1 hour) – Sorghum - Pressure Contours – Aerated – Summer 
 
Figure F.8: Transient (1 hour) – Sorghum - Temperature – Aerated – Summer 
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Figure F.9: Transient (1 hour) – Sorghum - Velocity – Aerated – Summer 
 
 
Figure F.10: Transient (1 hour) – Sorghum - Pressure Contours – Aerated – Winter 
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Figure F.11: Transient (1 hour) – Sorghum - Temperature – Aerated – Winter 
 
 
Figure F.12: Transient (1 hour) – Sorghum - Velocity – Aerated – Winter
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Figure F.13: Transient (12 hours) – Sorghum - Pressure Contours – Aerated – Summer 
 
 
Figure F.14: Transient (12 hours) – Sorghum - Temperature – Aerated – Summer 
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Figure F.15: Transient (12 hour) – Sorghum - Velocity – Aerated – Summer 
 
 
Figure F.16: Transient (12 hour) – Sorghum - Pressure Contours – Aerated – Winter 
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Figure F.17: Transient (12 hour) – Sorghum - Temperature – Aerated – Winter 
 
Figure F18: Transient (12 hour) – Sorghum - Velocity – Aerated – Winter
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Figure F.19: Transient (36 hours) – Sorghum - Pressure Contours – Aerated – Summer 
 
Figure F.20: Transient (36 hours) – Sorghum - Temperature – Aerated – Summer 
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Figure F.21: Transient (36 hour) – Sorghum - Velocity – Aerated – Summer 
 
 
Figure F.22: Transient (36 hour) – Sorghum - Pressure Contours – Aerated – Winter 
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Figure F.23: Transient (36 hour) – Sorghum - Temperature – Aerated – Winter 
 
Figure F.24: Transient (36 hour) – Sorghum - Velocity – Aerated – Winter 
